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FOREWORD

This technical report was prepared by the Northrop Corporation, Aircraft
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ABSTRACT

The objective of this program was to reduce the weight of a fighter wing
and carrythrough structure while maintaining its cost and life approximately
equivalent to the baseline. Innovations in design concepts and application of
new materials, manufacturing methods, and analysis techniques were to be ex-

pected.

General tasks of the program were to provide for concept formulation,
first iteration preliminary design, material property testing to support pre-
liminary design, and preliminary planning and cost estimation of a separate
follow-on program. An additional task, initiated several months after the
basic go-ahead, was to consider the new Damage Tolerance criteria sensitivity
. and trade studies, utilizing the baseline structure, materials and spectra,
and by imposing "USAF Damage Tolerance Criteria,! MIL-A-008866, dated 18
August 1972,

The report is divided into three volumes: Volume I contains the basic
report, Volume II contains the damage tolerance criteria sensitivity study,

and Volume III contains the results of the materials test program.

The structural wing box of the Northrop F-5E Air-Superiority Fighter was
selected as the baseline structure to provide realistic structural and func-
tional constraints and requirements for the study. It is a dry wing, all-
aluminum, multi-spar design. It can carry a large variety of external stores

and weighs approximately 1,000 pounds.

From a large variety of initial concepts, three designs emerged as having
potential for further study and evaluation in a follow-on program. These are:
(1) A full depth honeycomb design, featuring titanium skins and aluminum core,
(2) a six-spar design featuring aluminum upper skin, titanium lower skin and
substructure, with extensive use of welding between the lower skin and sub-
structure, and (3) a six-spar all-aluminum design, somewhat similar to the
baseline, but utilizing sine-wave spars, titanium tip and landing gear ribs,

and some newer aluminum alloys.
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SECTION I

INTRODUCTION

The objective of the preliminary design study was to evolve, evaluate,
and compare new structural concepts in order to reduce the weight of a fighter
wing and carrythrough structure while maintaining its cost and life approxi-
mately equivalent to a representative advanced lightweight fighter system.

To achieve this objective, advantage was to be taken of (a) innovative

design concepts and applications, and (b) new and improved materials, proces-
ses, and manufacturing methods which generally have had sufficient develop-
ment to show near-term potential for possible application to next generation
systems--operational in about the latter 1970's or early 1980's. It was also
necessary that all of the advanced structural design concepts comply with the
damage tolerance requirements of MIL-A-008866, Revision D, dated August, 1972.

The Northrop F-5E Air Superiority Fighter (fifteen to twenty thousand
pound gross weight) was selected as the baseline to provide realistic func-
tional, structural, and operational requirements and constraints for the
study. The specific component examined was the main wing box and carry-
through structure. The baseline aircraft structural box is "dry,'" continuous
from tip to tip (25.2 feet), has maximum depth of 5.8 inches, and is designed
for a maximum load intensity of 24,000 1b/in., The structural box is essen-
tially all-aluminum alloy, has external stores provisions at the tips and two
other stations per panel, is designed to the MIL-A-8860 series of structural
design criteria specifications, and weighs approximately 1,000 pounds.

The design concepts considered in this study were partially based on
recommendations arising out of work performed by Northrop under Contract
AF33615-72-C-1451, "Advanced Lightweight Fighter Structural Concept Study",
and partially on suggestions arising out of brainstorming sessions early in

the program.

A variety of configurations studied included features and combinations,

such as: full depth honeycomb; integrally stiffened, thick-skin, and



sandwich panel covers; various arrangements and constructions of spars;
mechanically attached, welded, and adhesive bonded assemblies; and aluminum

and titanium alloys. Weight and cost comparisons were obtained.

From the studies, three design concepts were evolved for further study.

The concepts are:

1. Full-depth adhesive bonded honeycomb with titanium upper and lower

covers

2, 6-spar with aluminum upper covers, titanium lower covers, titanium

substructure and extensive use of welding of the titanium.

3. 6-spar aluminum design utilizing sine-wave spars and advanced

aluminum alloys

It was found necessary to either add advanced composites to the covers
of the various concepts, or increase skin gages slightly to increase tor-

sional rigidity for aeroelastic requirements.

Substructure studies focused largely on design and manufacturing/mater-
ial processes in an attempt to reduce costs, as it was found that those com-
ponents contributed to costs in a significant way. Specifically, a trade
study was conducted amongst twenty-one different spar concepts, the results
of which showed that a sine-wave type spar, either formed or forged, was the
most cost effective. Precision aluminum forgings continue to show consider-
able promise, and some advantage appears to be gained by using titanium cast-

ings, although not as great as originally thought.

New and advanced metallic materials were tested considering primarily
static and fatigue strengths, corrosion and stress-corrosion, toughness and
crack-growth rates. Promising materials identified for specific application

are:

1. Titanium: Ti-6-4 BMA Plate and Sheet
Ti-6-4 BMA Forging
Ti-6-4A Casting
Ti-6-22-22 STA Plate
Ti-6-22-22 STA Forging

2., Aluminum: X2048-T851 Plate
7050-T736 Forging



7050-T7651 Plate
7175-T736 Forging
7475-T7651 Plate

Steel, beryllium, and magnesium alloys were found to have very little

potential for the wing concepts investigated in this program.

Allowable design stresses were determined for the various elements of
the wing box. Fatigue analyses were used to develop allowables to meet safe-
life requirements. Fracture mechanics analyses were used to find the damage
tolerance allowables for several materials and design concepts primarily for

the inspectable and non-inspectable safe crack growth conditions.

Detail weight estimates were made for the various design concepts--each
satisfying all of the strength, fatigue, damage tolerance, and aeroelastic
requirements. The lightest advanced concept structural wing box (full depth
honeycomb construction with titanium upper and lower covers) weighs approxi-
mately 870 pounds. The heaviest concept, using multispar construction with
aluminum upper covers and titanium lower cover weighs approximately 933 pounds.
These values compare to approximately 981 pounds for the F-5E production wing
box. Weight penalties incurred by the various concepts for the addition of
either advanced composites or increased skin gages to restore torsional stiff-
ness to the F-5E requirements range from O to 18 pounds. These are included

in the weights quoted above.

Cost estimates were developed for each basic design concept. Estimates
were based upon projected 1977 material and labor costs, the average cost of
a 300 lot procurement, and the assumption that advanced materials, processes,
and manufacturing development costs would be borne by separate development

programs.

Costs of the various concepts varied from 1.6 to 0.75 times the baseline
cost. The most expensive design was a 5-spar design which employed titanium
honeycomb stiffened skins. The least expensive design was a 6-spar aluminum

concept employing sine-wave spars and some newer aluminum alloys.

Recommendations are made for areas where further technology development

work should be done.



SECTION II
BASELINE

1. DESCRIPTION

To provide a realistic set of requirements and parameters upon which to
focus the studies conducted under this program, it was necessary to select a
suitable baseline airplane and wing component. These requirements and

parameters were to set such factors as:
1. General geometry and size of the wing.
2. Loading intensities (static and fatigue).
3. Operational performance boundaries (load factors, speeds, store
requirements).
4, Other various typical functional requirements such as:
a. Hardpoints for external stores, landing gear, and control
surfaces.
.b. Provisions for electrical, hydraulic, and mechanical control
systems.

It was desired that the structure to be studied be derived from a
modern, lightweight fighter type of aircraft in about the 15,000 to 25,000
pound gross weight class. This generally corresponds to a system designed

primarily for the air-superiority mission role.

The Northrop F-5E air superiority fighter is the baseline aircraft desig-
nated for this program. The F-5E is the latest member of the F-5 series of
supersonic fighters designed for high performance, low initial and operating
costs, and minimum logistics requirements. Fuselage and wing structures have

been redesigned, and the airplane is currently in production at Northrop.

First flight took place in the summer of 1972, The F-5E is just entering



service, but the basic design has been proven by more than 1000 F-5A's and

F-5B!'s in worldwide operational service.

The F-5E is a single place, twin turbojet, supersonic fighter. The con-
figuration includes a low wing, all-movable horizontal tail, and conventional
vertical fin and rudder. General configuration (three-view) is shown in
Figure 1. Numerous service-proven features are retained from previous F-5
models. These features are essentially a consolidation of the special items
provided separately for various nations operating earlier F-5's. Some of

these features are:
1. Two-position nose gear, to raise the aircraft nose to increase
angle of attack for shorter takeoff capability under heavy load

(Canadian CF-5's and the Netherlands NF-5's currently use this
system),

2., Electrically heated anti-ice windshield for cold weather en-
vironments (originally developed for Norwegian F-5),

3. Jet-assisted takeoff provisions and tail arresting hook for
use on short runways (Norwegian F-5's),

Emphasis on maneuverability and air combat capabilities in F-5E design
is a departure from earlier F-5's, which were designed more as general-pur-
pose attack aircraft. However, earlier F-5's were very agile aircraft,
enabling them to consistently defeat other high performance aircraft in
simulated air combat maneuvers. To improve maneuverability, the F-5E has a
maneuvering flap system that can be deployed instantaneously and continuously
ta increase turn rate. The flap system is similar to the one currently in
use on the CF-5's and NF-5's. This system employs both leading edge and
trailing edge flaps. Although the primary emphasis is on maneuverability,
F-5E power, speed and climb performance have been increased by use of two
new 5000-pound thrust J85-GE-21 engines with enlarged ducts and auxiliary
inlet doors. Additional F-5E characteristics are presented in Table I.



TABLE 1. F-5E CHARACTERISTICS

BASIC WING (Excluding L. E. Extension)

SPANG: ¢ s 5 6« s s s s H s v LT e E o n g e wha w e s s s e s e 26.7ft
TR =  m 5 & x5 & 3 & 5 5w % oy mm mm ewwe hmaa B G s eaE 186.3 ft 2
Taper Ratio . . -« ¢« v v v i vt i e 0.19
ABPECt RAtIO + « « v o e v v v e e v o raronn oot aois st sonsns 3.82
Sweepback of 25% chord. . « « v v v vttt e e e 24°
Airfoil Section . « « « v v v v v v s o0 v o R S NACA 65A-004.8 modified

POWER PLANT

Engine . .. .. S R I 2 J85-GE-21 Turbojet with afterburners
Maximum Power Rating
(with afterburners). . ... .. ... 10,000 lb. sea level static thrust.
WEIGHTS
EMPLY & 6 6 6 0 5 5 5 5 6 5 8 00 8 10 % 0 i3 0 5w 40w e w e e e @ow e wow b Bife 8oe 8 %6 b 9588 1b
T.O. Weight
Launcher Rail Configuration, . . ....................... 15,400 1b
AIM-9 Configuration. . ... .........cotvineenenrnennn 15, 745 1b
Maximum Gross Weight. . . .. ... ........ ... .. ... ... 21,834 1b
DESIGN LOAD FACTORS
Air-to-air configuration. . . . . .. .. ... ... .o o oo, 7.33g and -3.0g
Air-to-ground configuration. . ................ ..o 0 6.5g and -2.0g
PERFORMANCE
Time to climb - sea level to 40,000 ft . .. .. .. ... .. .. .. ..., 3.6 min
with afterburners
Combat radius
Subsonic intercept (no external tank) . . . . .. ... .o o oo 400 nmi
Supersonic intercept ( 275galtank). ... ... ... . ... ... 190 nmi
Combat Celling « s s « « s s s+ sssanmusnanoonnasssonenalonsasns 53,500 ft
Maximum Speed at 36, 000 ft:
Launcher Rail Configuration .. ... .................n Mach 1. 6
AIM Configuration . ............ cwed e EEEE G E|E YN Mach 1.5
Takeoff distance (AIM-9 configuration). . . . .« . ... v v v e 1900 ft

The F-5E has two M-39 20 mm nose cannons, providing a combined firing
capability of 3000 rounds per minute (about 11 seconds of continuous fire).
In addition seven external stores stations are provided (five jettisonable

pylons and two wing tips). External stores capability is shown in Table II.
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TABLE II, EXTERNAL STORES CAPABILITY

450
STORE STATION CAPACITY — LB <

1000

M-39 20MM GUNS

QUALIFIED ITEMS

STORE

TP

WS
123.0

WS
93.5

Ws
123.0

TiP

275-GAL TANK

AIM-9B, AIM-9E, AIM-9J SIDEWINDER

TDU-11/B TARGET ROCKET

M129E2 LEAFLET BOMB

MK-36 DESTRUCTOR (MK-825SE & MOD KIT)

MK-82 GP & SNAKEYE 500-LB BOMB

MK-84GP 2000-LB BOMB

BLU-1B, BLU-1B/8B, BLU-1C/B, 27/8B, 27A/8B, 278/8
FINNED AND UNFINNED NAPALM

BLU-32A/B, BLU-32B/B FINNED AND UNFINNED
NAPALM

CBU-24B/B, CBU-49B/B, CBU-52A/B, CBU-58/8
CLUSTER BOMB UNIT

LAU-68A/A (7) 2.75-INCH ROCKETS

LAU-3/A, LAU-3A/A (19) 2,75-INCH ROCKETS
TO MAP REQMTS

SUU-20/A, SUU-20/A(M), SUU-20A/A,
SUU-20B/A BOMB AND ROCKET PACK

SUU-25A/A, SUU-25C/A FLARE DISPENSER

TDU-10/B TOW TARGET (DART W/CARRIER)

RMU-10/A REEL (DART)

GROWTH ITEMS

50-GAL TIP TANK

275-GAL TANK

150-GAL TANK

M117, 750-LB BOMB

ROCKEYE Il (MK-20 MOD 2) CLUSTER BOMB

MK-81 GP & SNAKEYE 250-LB BOMB

MK-83GP 1000-LB BOMB

CBU-2A/A, CBU-9/A

LAU-60/A (19) 2.75-INCH ROCKETS TO MAP
REQMTS

LAU-10/A (4) 5-INCH ROCKETS
TO MAP REQMTS

TRIPLE EJECTOR RACK (TER) W/MK-81 GP AND
SNAKEYE

MULTIPLE EJECTOR RACK (MER) (5) MK-81 GP
AND SNAKEYE

MER (5) MK-82 GP AND SNAKEYE

TER/MK-82 GP AND SNAKEYE
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Current structures and manufacturing technologies are utilized in air-
frame design., Structural configuration, materials, manufacturing methods,
and analysis techniques used are based on experience accumulated over 10
years of design, production and service of the F-5's., The structural design
criteria are based on MIL-A-8860 series specifications, The F-5E structural
integrity program is in accordance with applicable portions of ASD-TR-66-57.

The F-5E is representative of present day operational high performance
air superiority fighters., The availability of design, manufacturing, ground
test, performance, and cost data of earlier F-5's provides a good reference
to measure efficiencies, integrity and reliability., The use of current
structures and manufacturing technologies assures that the baseline weights
and costs represent a valid reference from which to measure technology

advances developed in the proposed program.

a. General Description

The F-5E wing panel, as shown in Figure 2, consists of the main box
structure including carrythrough, leading and trailing edge flaps, ailerons,
leading edge extensions, and trailing edge panels. The main landing gear is
in the inboard portion of the wing and attached to the rib at Wing Station
(W.S.) 73.3 and inboard portion of the 44% spar. External store capabilities
are provided at the wing tips and by jettisonable pylons at W.S. 93.5 and
WeSe 123.,0., The wing panel is a single piece structure extending continu-
ously from tip to tip with no cover splices. The wing attaches to the fuse-
lage at six points: two each at the 15%, 44%, and 66.6% spars -- the former
two locations being the primary attachments and the latter (66.6%) being a
'secondary' shear tie attachment. Basic wing dimensional data are contained

in Figures 2 and 3 and in Table I.

b. Main Wing Structural Box

The main wing structural box (including carrythrough structure), the

focal point for the present study, is shown in Figure 3.

The main wing box is a thick-skin, multispar, all-aluminum structure

except for steel ribs supporting the landing gear and wing tip stores. As

12



noted above, the wing is attached to the fuselage through six shear-type
fittings. The fittings at the 157 and 447 spars are integral parts of two

canted, forged ribs located at the wing-fuselage intersection line.

AIRPLANE
L FS.
, 303.00
i
ERE S EDSEELAR ¥ WING FORWARD ATTACH POINT
: FS.
| T 341.14
STA v,:*"-: e
109.50 TOR —
STA  WING R
123.00 W Sl e
/' -------------
AN . . _Fs
- 37357
WING AFT ATTACH POINT
¢ GEAR STRUT
iy : WING 66.6% ATTACH POINT
404.71 4 ._,-' e _r ; _“. , At - g i ;
44% o fe . = e = s SR WD S W S, g S \73-“
51% o - S Vi == = o SR A WSS s S S (T.E. FLAP HINGE G)
58.26% * sl : . A B ‘
66.6%
70% STA —————— = \ |
Al ATLERON STA —~ — | FS.
(AILERON HINGE §) 13080 saso  TRAILING EDGE FLap & —— aan
WING WING ‘ )

FIGURE 2, F-5E WING PANEL STRUCTURAL ARRANGEMENT
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Pylon attach ribs are incorporated in the wing structure at Wing
Stations 93.50 and 123,00, The pylon at W.S. 93.50 is attached with five
bolts and two shear pins and the outboard pylon with four bolts and two
shear pins. Each wing tip has a structural attachment for either an AIM-9

missile launcher or a 50-gallon fuel tank.,

The main landing gear strut well is bounded by the W.S. 73.30 rib, the
447 and 66,67 spars and the side of the fuselage.

Inboard of W.S. 73.30, the torque box structure extends from the 159
to the 447 spars and Fuselage Stations 341.14 and 373.57 in the carrythrough
region across the fuselage. Between W.S. 73,30 and 116, the torque box
extends back to the 66.67% spar, and outboard of W.S. 116 it extends back to
the trailing edge. The large majority of the bending structure is between
the 157 and 447 spars.

Various systems are contained in the main box structure. Fuel line,
air vent line and electrical conduits extend from the root to tip. Hydraulic
actuators for the ailerons are in the aft portion of the box at approximately
W.S. 93.5. No internal fuel is contained in the main box because of its

small volume and the need to provide space for the functional systems.

(1) Main Skins

The upper and lower skins are machined from aluminum alloy plate exten-
ding across the entire wing span terminating at W.S. 151.0. Of significance
are the skin "lands" which provide a common plane for the spars and ribs
and also provide load paths for the axial loads in the spars where they end
abruptly at a rib. Flaring of the skin lands at spar and rib intersection
points assures gradual load pickup to the skins thus reducing load concen-
trations. The upper skin is made from 7075-T651 aluminum alloy, and the
lower skin is made from 7075-T7351 aluminum alloy.

(2) Spars

All spars are channel sections except the 66.6% spar, which is an
I-section. They are machined from 7075-T73 and -T76 aluminum alloy extru-
sions and 7049-T73 (447) and 7175-T736 (66%) forgings. All spars are dis-
continuous at each rib with the exception of 15% and 66.67% spars. Integral

14
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rib tabs or angle clips provide the necessary shear ties between the spars

and ribs.
(3) Ribs

The root rib isccanted between W.S. 32.976 at the forward end to
W.S. 27.915 at the aft end. The rib ends are integral fittings which pro-
vide the shear ties to the mating fuselage fittings. The rib is machined

from a 7075-T7352 aluminum alloy forging.

The rib at W.S. 73.30 is continuous from the 15% to the 66.6% spar.
The rib is an I section machined from a Hy-Tuf steel forging. Lugs po-
sitioned at the 44% and the 66.6% spars provide trunnion supports for the
main landing gear. The inboard end of the forward trunnion lug ties

directly to the 44% spar, thus acting as a shear web in this area.

The rib at W.S. 93.5 is machined from a 7175-T736 hand forged billet and
is continuous from the 15% to the 39% chord, providing an integral four-point
socket fitting for support of the inboard pylon structure. The rib is
spliced at the 397 chord to an aileron actuator support rib which extends
aft beyond the 447 chord line providing backup support for the aileron
actuator as well as additional shear and bearing support for the pylon.

Auxiliary ribs extend aft to the 66,67 spar.

The rib at W.S. 109.5 extends aft from the 337 to the 66,67 spar plane.
The rib is an I-section machined from a 7075-T73 forging and serves as a

backup for the outboard aileron hinge fitting.

The rib at W.S. 123.00 is machined from a 7175-T736 hand forged billet
and is continuous from the 15% to the®66.6% spar providing an integral four-
point socket fitting to support thecoutboard pylon structure. The rib portion
aft of the 44% spar is an unsymmetrical I-section serving as load redistribu-

tion member for the secondary box skin panels.

The rib at W.S. 151,10 is continuous from the 157 spar to the trailing
edge. It is a solid rib forward of the 447 spar narrowing to an I-section
thin web rib aft of the 66.67 spar plane. The rib is machined from a 4140

steel die forging with integral lugs providing attach points for the tip
launcher and fuel tank,
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(4) Upper Skin Panels

The upper wing skin cover between the 447 and 66.67 spars and bounded
by the root rib and the rib at W.S. 73.3 consists of an aluminum honeycomb
panel with 7075-T6é facing sheets, This panel is the upper aerodynamic sur-
face of the main landing gear bay. The upper wing skin cover between the
447, and 667 spars extending from Wing Cant Station (W.C.S.) 91.7 to
W.S. 109.5 consists of an aluminum honeycomb panel with 7075-T6 facings.

This panel is the upper aerodynamic surface of the aileron mechanism bay.

(5) Lower Removable Panels

The lower skin cover between the 44% and 66.67 spars extending from
W.C.S. 85.2 to W.S. 123,0 consists, in part, of aluminum honeycomb panels
with 7075-T6 facings, and a machined skin panel. These panels are completely

removable and permit access to the aileron mechanism bay.

(6) Trailing Edge

The trailing edge structure between W.S. 151.1 and W.S. 116.0 consists
of a full depth honeycomb panel with 2024-T4 and closing ribs.

2. UPDATE

The baseline F-5E wing structure was designed prior to the existence
of the current USAF damage tolerant criteria (Volume II, Appendix II). This
criteria was applied to applicable portions of the baseline wing structure
to "up-date" this structure to these requirements. The objective of this
study was to estimate the weight and cost of a production state-of-the-art

wing which would be directly comparable, criteria-wise, to the advanced

concepts studied in this program.

Definitions of critical damage tolerant structure and the basic method
of analysis are outlined in Section III. 4. This analysis includes an
assumed sequence of failures taking into account the crack growth life of

the interior spar flange and load distribution into the skin subsequent to

18



spar flange failure. Additional necessary assumptions included in this

section that are pertinent to the baseline study are summarized below:

1. Plane stress plastic zone condition in spar flange and plane

strain in the skin panel.

2. Crack growth retardation prediction due to overloads based on

(1)

average of Willenborg, et al, method and linear cumulative

growth,

3. Spar flange not critical to flight safety (no damage tolerant

service life requirements).
4. Multiple 0,05 flaws at fastener hole common to flange/skin.

5. 0.05 fatigue induced flaw in skin at hole adjacent to above at

time of flange failure. This flaw location was the most critical.

The last assumption, while not required by the criteria for monolithic
structure, meets the "intent" of the criteria in the area of in-service

flaws.

Since the baseline lower skin is a monolithic structural arrangement,
the service life requirement would be two lifetimes or 8,000 hours for non-
inspectability. An analysis completed at the fatigue flawed fastener hole
demonstrated that the crack growth life exceeds the 8,000 hour requirement
(Figure 4). Thus, the wing meets the damage tolerance requirements and no

weight penalty is incurred in '"updating! the baseline.

(1) Willenborg, J., Engle, R. M., and Wood, H. A., "A Crack Growth

Retardation Model Using an Effective Stress Concept," AFFDL-TM-71-1-FBR,
January 1971.
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SECTION III

TECHNICAL ACCOMPLISHMENTS

1. TRUCTURAL DESIGN

a. Introduction

(1) Preliminary Effort

At the program's outset, some general design precepts were formulated

either in addition to, or as a result of, the supplied program definition.
It was generally conceded that the most propitious material for the
conversion of pre-production technology into production techniques was
titanium. While the principal advantage of titanium alloys (i.e., high
strength at temperature) was not required for the performance regime of the
selected F-5E baseline aircraft, it was felt that the exercising of titanium
technology in this program would provide the greatest benefits for future

generation aircraft of the air superiority class.

The second area of technological advancement deemed most likely to
produce the greatest return for effort expended was in material fabrication
techniques. The goal set forth was to reduce the material buy-fly ratio to
as low as possible, Inherent in all this is the assumption that all the
available advanced materials,be they aluminum, titanium or whatever, will

be given primary consideration.

With these precepts in mind, several brainstorming sessions were held.
The ideas put forth at these meetings ranged in scope from entire wing
structural concepts to methods of reducing the effects of through flaws at
holes in detail attachments. The end result of the brainstorming was a
multitude of detail and system concepts which combined geometrically into
such a vast number of possible wing designs that to investigate each
combination as a separate entity would exhaust all the time allotted for

concept selections and still not complete the task.

It was obvious that some sort of "game plan" was necessary to reduce

the complexity of the concept formulation task to manageable proportions.

Figure 5 depicts this concept formulation plan in flow chart form. A brief

explanation of its derivation follows.
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FIGURE 5, CONCEPT FORMULATION AND EVALUATION FLOW CHART
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The "Quick Look'" program n showed that a significant portion of both
the cost and weight of any of the wing designs proposed was contained in the
substructure. It was also apparent that wings constructed of titanium, while
the lightest, were much more costly than wings constructed of aluminum. The
utilization of higher specific strength materials was influenced by the atten-
dant reductions in torsional stiffness of the wing and reduced compressive
allowables of the thinner gages employed, unless additional stiffening methods
were employed. This problem was compounded by the extreme thinness of the

F-5E baseline wing.

With this in mind, it was felt that a detail component optimization pro-
gram was in order, in which each detail concept was fully evaluated and
ranked. The flow chart shows the principal milestones in this procedure. 1In
this diagram, a column for complete wing system concepts is also shown. This
column's inclusion recognized that in some wing design approaches the compo-
nent parts are so wholly interdependent that they do not lend themselves to
separate detail analysis. The full depth honeycomb stiffened and truss spar
designs are prime examples of this.

The initial design effort concentrated on two principal areas. The
first was an in-depth cost-weight tradeoff of eight differing methods of spar
construction. These were expanded to twenty-one spar concepts when the addi-
tional variable of material was introduced. (See Figures 8 and 9 in Subsection
IIT.1.a.(3).) An illustration of the limits of spar spacing under considera-
tion and its attendant effect on systems plumbing in the wing is shown in
Figure 6. It will be noted that when more than six spars are used, it becomes
impossible to install the fuel and vent I%nes,in the wing. The chordwise dis-
tance between spars is less than the fuel and vent line connector fitting's
length. This fitting would have to be redesigned, separating the fuel line
and vent line into separate wing bays, thus altering the inboard wing pylon
interface, which is contrary to this progfam's ground rules.' Therefore, no

wing design with more than six spars was considered in this program.

(1) C. Rosenkranz, et al, Advanced Lightweight Fighter Structural Concept
Study, AFFDL TR-72-98, dated July 1972,
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While the possible combinations resulting from the combining of the two
studies was formidable, once design allowables, load distribution, and
stiffness and strain compatibility criteria were determined, a significant

reduction in the viable approaches was realized.

The second study was of wing cover construction approaches.
Multi-member, single member, external stiffening, integral stiffening,
spar spacing and material were the variables considered in this study.
An illustration of the initial wing skin concepts contemplated in this

program is shown in Figure 7.

(1

With the knowledge gained from the "Quick Look" study ~°, some general

constraints were applied to the aforementioned studies. These are:

1. All complex and or heavy section substructural members
will be precision forged or cast as their geometric
complexity precludes applying the other spar
construction techniques. (Note: The expense of 100%
machining has been amply demonstrated in "Quick Look"
and further cost analysis conducted later on in this

program substantiated this position).

2. When titanium or other high cost materials are used as
wing covers with integrally machined stiffeners, such

stiffeners shall not cause a material thickness increase.

3. There appears to be no method to manufacture a laminated or
lamelated fail-safe lower skin and avoid the extreme stress
concentrations demanded by the multiple flaw requirement
of the service life criteria under which this program must
operate. While this does not necessarily preclude fail-safe
multiple load path design, it does eliminate the conventional

laminated or lamelated approach.

(1) C. Rosenkranz, et al, Advanced Lightweight Fighter Structural Concept
-Studzg AFFDL TR-72-98, dated July 1972.
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SKIN CONCEPTS

UPPER SKINS
ALUMINUM OR TITANIUM
[ | T . o= o~~~
PLAIN PANEL INTEGRAL STIFFENED HONEYCOMB PANEL - BEADED PANEL
STIFFENED STIFFENED
BORSIC REINFORCED AL OR T
PLAIN PANEL
LOWER SKINS
ALUMINUM OR TITANIUM MONOLITHIC
PLAIN PANEL INTEGRAL STIFFENED HONEYCOMB PANEL BEADED PANEL
STIFFENED STIFFENED
BORSIC REINFORCED ALOR T
PLAIN PANEL
[{;_-'—é FI]l1ILJ F_F]lllﬁJl
ADHESIVE BONDED LAMELATED LAMELATE D
LAMINATED MECHANICALLY FASTENED BORSIC/ METAL MATRIX

COMPOSITE
MECHANICALLY FASTENED

FIGURE 7., WING SKIN CONCEPTS
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(2) Material Selection

Table III presents the material matrix for the final design concepts
produced in this program. While a more detailed account of the material
selection process is contained elsewhere in this report, a few anomalies and
contra-indicated (with respect to the "Quick Look Program') material selec-
tions seem to exist. The following remarks are intended to clarify these

substitutions.

While Ti-6A1-4V STA casting published data indicates significant
mechanical property improvement over the annealed condition, its low
ductility, substantiated by this contract's materials test program,
caused its exclusion from the program. Since a certain degree of plastic
deformation under load is an underlying assumption of any structural
analysis and the ability of Ti-6A1-4V STA castings to conform to this assumed
behavior is questionable, it was felt that the use of such a brittle material

for airframe primary structure entails too great a risk.

When the pylon ribs are changed to annealed Ti-6A1-4V, a weight
increase over the STA castings is incurred. These castings were only
marginally cost/weight effective with the higher strength material and
fail at being so in the annealed condition. Their use is now confined to
those designs where compatability of thermal expansion rates or their
weldability is required.

The aluminum spars and skins of the concept No. 3 wing tip are in
accord with least risk original design premise of that concept, The only
other cost/weight effective alternative is the adhesively bonded titanium
wing tip which fails to qualify in this instance.

(3) Wing Interior Spar Concepts

Figures 8 and 9 depict eleven spar configurations, made of both 6Al1-4V
annealed titanium and 2024-T3 aluminum, which have been evaluated on a basis

of manufacturing complexity, cost and weight.

While the number of designs under consideration may appear at first
glance excessive, it must be born in mind the height and thickness
variations will limit the applicability of many of these designs in some
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or all of the wing configurations under study in this program. It is for this

reason that so many spar variations are being studied.

This study consists of six spar designs for the center box between canted

wing station 38.926 ribs along the 38% plane. Spar No. 1, Figure 8, is of
one piece titanium sheet with a vertically corrugated hot formed channel web.
This design is also being considered in aluminum alloy. A test specimen of
this corrugated spar has been successfully formed from 0,063 thick 6Al-4V

titanium sheet.

Spar No. 2 consists of both spar caps welded to a sine wave vertical web.
The caps are tungsten arc (GTA) burn-through weldments. The welding of the
spar is accomplished by the GTA process which uses infrared sensors in a closed
loop control system, which provides automatic centering of the weld on the web.
This feature,by virtue of its eliminating the necessity for specific welding
fixtures for each spar configuration and high quality welds, is considered the

most economical for this particular spar design.

The third spar design is fabricated from a one piece titanium extrusion,
the web ends being slotted horizontally at the wing reference plane to allow
for the joggling of each spar cap flange. The slotted web is then plasma arc
welded to form the finished spar.

Spar No. 4 is a one piece extrusion of either titanium or aluminum alloys.
The upper and lower spar caps are step machined at each end instead of being

joggled as in spar No. 3.

It should be noted that only the titanium extrusions are finish machined
all over as the quality of the stock extruded surface is too rough to be ac-
ceptable for finished parts. This will also hold true for all subsequent ex-

truded titanium spar <desigu in this discussion.

Spar No. 5 will be made from two "L" shaped extrusions with machined spar
cap flanges as in configuration No. 4. The upper and lower halves are riveted
together, upon installation, along the center of the spar web to form the com-
plete spar. Spar material is either 6Al1-4V annealed titanium or aluminum
alloy. This two-piece approach eliminates much of the shimming required on

final assembly.
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Spar No. 6 will be made from two extrusions of 6Al1-4V annealed titanium.
The upper and lower spar caps are joggled at each end and each half is welded
together in the center of the spar web. The plasma-arc welding process is

again employed for this spar design.

Spars No. 7 through 11, Figure 9, are typical,tapered outboard wing
spars. It will be noted that one piece extruded titanium spars are excluded
from this discussion as the excessive flange stock required for machining the

taper makes this approach uneconomical.
Spar No. 8 is a tapered planform version of spar design No. 2.

The No. 9 spar is a three element, fail-safe spar consisting of a corru-
gated web of rectangular cross-section which is riveted to hat shaped spar

caps at both the vertical flanges and inner mold line; the latter attachment
being effected through tabs formed on the upper and lower edges of the corru-

gated spar web.
Spar No. 10 is the tapered version of spar No. 5.

Spar No. 11 is the same as spar No. 10, except the upper and lower halves
of the spar are welded together to form a lighter unit. This approach is
applicable for 6A1-4V annealed titanium only.

The results of this study are shown in detail in subsection I11.9.c.
From these results, it is readily apparent that the formed sheet metal sine
wave spar is the most cost effective design both in aluminum and titanium.
The stress analysis allows for the use of the titanium version in all inter-
ior spar applications as the maximum thicknesses required do not exceed «125,
the maximum gage capable of being formed to this configuration. The maximum

aluminum sheet gage of the interior spars can not exceed .125.

b. Concept No. 1 - Full-Depth Honeycomb Wing (Figure 10)

This design concept is one of the "Quick Look" designs selected for
further and more detailed study in this program, since it was the lightest
and most torsionally rigid design in the "Quick Look" Study.

This concept consists of nine full-depth aluminum honeycomb core bays
(bounded by peripheral spars and ribs) adhesively bonded to machine-tapered

titanium plate skins. These skins are procured in one piece, rough cut to
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shape, resulting in substantial material cost savings over the purchase of

rectangular plate stock.

The substructure is made entirely of titanium to eliminate the presence
of any bond preloading caused by bonding the materials at differing rates

of thermal expansion.

To reduce the problems of bonding the entire wing structure at one time,
the wing tip structure (bounded by the Wing Sta. 123.0 pylon rib, the 15%
spar, the 66.6% spar, and the Wing Sta. 15l.1 tip rib) is a separate bonded
assembly. The pylon rib is used to splice the upper and lower wing skins
at its outboard moldline flanges. This approach splices the panels in a
low-load area, utilizing existing rib attach fasteners and rib material to
effect the splice. Splice weight and cost increases are minimized. The outer
wing panels can now be fabricated from standard sheet gages rather than the
thick premium stock required for the main wing skin panels, which will sig-
nificantly reduce the material to be removed from these panels during machin-
ing. This approach to the wing outermost section will be used in all sub-

sequent design studies which use both upper and lower titanium wing skins.

The primary wing interior structure comprises three main spars (the
15%, 44%, and 66.6% spars) and five ribs at Wing Sta. 38.93 cant., 73.3,
93.5, 123.0, and 151.1.

These structural members will all be designed to slow crack growth

criteria.

The complexity and increased load levels in the peripheral spars pre—
clude the use of formed sheet metal for their construction. As the spars
possess natural draft and are long, rather flexible parts, they are ideally
suited to precision forging. Lack of inherent stiffness in a part poses
many difficulties for casting and weld assembly techniques. Because of greater
tolerances, additional machining, and supplementary straightening operations,
manufacturing costs of cast or welded spars are increased to the point where
they can no longer compete with precision forgings, even though forging non-
recurring costs are much greater. The wing attach rib and landing gear rib,

by the same reasoning, will also be precision forged in titanium.

The most complex ribs are the pylon ribs at Wing Sta. 93.5 and 123.0.

Machining titanium parts out of billet stock is rarely shown to be cost
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effective. Only if the parts are very simple and machining is limited, or
the parts are of such size or shape that existing methods of preforming
(i.e., forging, casting or extruding) cannot be used, can complete machining
from billet stock be considered. As these ribs are highly complex con-
figurations, the forging process does not result in sufficiently finished
parts to justify the high nonrecurring costs attendant with that proces§.
Casting is the most economical approach to their fabrication. Titanium cast-
ings also do not exhibit the large reductions in mechanical properties, as
compared to wrought material, that is experienced with aluminum castings.
Precision investment castings are called for in all cases. The casting

of these ribs in sand was investigated but the minimum allowable wall thick-
ness of 0.250 inch required by this process results in parts that require
100% machining and the additional cost of this machining more than offsets
the reduced casting piece price of the sand castings. As investment castings,
the material that must be subsequently removed from the ribs by machining is
reduced by 80 percent (compared to forging), as only the moldline and inter-
ior faying surfaces need be machined. In all cases, only 0.060 inch of ma-
terial need be removed. The pylon ribs are within the size capability of
existing equipment,

The Wing Sta. 93.5 pylon rib casting could possibly be extended to in-
clude the two parallel aileron actuator support ribs immediately to its rear.
These aileron actuator ribs are shown as separate parts. Combining these
three parts so increases the size and complexity of the rib casting that
its cost exceeds the combined piece price of the smaller cast pylon rib and

the two aileron ribs.

The Wing Sta. 151 tip rib is also investment cast in titanium. To make
this rib as a precision forging would require a four-piece segmented die in a
double-action press. The attendant high nonrecurring cost of this approach
cannot be offset by the decreased weight and improved strength inherent in

the forging process,

The speed brake attach fittings being deep hollow boxes like the pylon
ribs and part of the bonded wing assembly are titanium investment castings.
The inboard aileron hinge fitting is a titanium investment casting which is
lighter than the 17-4PH steel investment casting it replaces.
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In the leading edge area of the wing box several ribs and a spar at
approximately 21% are shown. The outboard rib supports the inboard lead-
ing edge flap hinge. The central rib mounts the leading edge flap actuator
and the inboard rib distributes the point load induced by the wing leading edge
extension structure. These details are titanium precision forgings requiring
no finish machining. The 21% spar is of formed titanium sheet and functions
as both a honeycomb close out member and the aft attachment for the aforemen-
tioned ribs. This leading edge area is not filled with honeycomb'core. The
high density of systems routing here precludes the installation of sufficient

core material to be weight effective.

The seven bays inboard of Wing Sta. 123.0 and aft of the 44% spar con-
tain the aileron actuation mechanism and the main landing gear strut, which
precludes the application of full-depth honeycomb core construction. It
therefore is necessary to select an alternative method of stiffening the
upper and lower covers in those areas. Two methods of accomplishing this
necessary stiffening were investigated., The first approach considered was
to machine a waffle pattern of integral stiffeners in the wing skins. Un-
fortunately when this is done with a titanium skin the stiffener size neces-
sary to produce adequate panel support either is too wide, resulting in ex-
cessive panel weight, or too high which increases the stock panel thickness
thereby increasing the wing skin material cost to the point where this

approach is no longer cost effective.

The second approach was to employ adhesively bonded aluminum honeycomb
panels with titanium inner pans to the fixed upper wing skin panels in a man-
ner similar to the wing skin stiffening employed in Concepts No. 4 and No. 5.
The wing bond assembly sequence calls for the upper wing skin to be bonded to
the substructure in one bonding operation followed by the fitting of the core
to the lower skin and then bonding the lower skin to the wing assembly in a
second bonding operation. This sequence of operations allows the honeycomb
panel stiffening to be assembled and bonded to the upper skin during the first
bonding cycle,

The upper wing skin area inboard of the gear rib and aft of the 44% spar
is composed of a honeycomb sandwich panel with equal thickness graphite/epoxy
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face sheets similar in arrangements to the baseline aluminum honeycomb struc-
ture. The aileron actuator bay access doors on the lower wing surface out-
board of Wing Sta. 85.2 cant. is of similar construction. The application

of non-metallic composites in these specific panels results in a 12.6 pound
per shipset weight savings. As all of these panels are separate from their
respective wing skins and are replacable in service it is felt their utili-
zation would not adversely affect the reliability or repairability of any of
the concepts under study in this program. These graphite/epoxy panels there-
fore are used in this design and all the other subsequent designs described

in this report.

The three aileron hinge support ribs are titanium precision forgings.
The two stub spars in this area may be made from aluminum precision forgings
as they are installed after the bonding of the wing is complete. These spars
are also located in a shear lag area where the strain incompatibility of

aluminum spars and titanium skins poses no problems or weight penalties.

The wing skins are both bonded and mechanically fastened to the ribs
and spars in the full-depth honeycomb areas. This is done as an economy
measure to avoid the expense of masking the details to be bonded and to
eliminate the possibility of disbonds being initiated at the edge of the
glue line. While the bonding of riveted joints improves the fatigue and
damage tolerant behavior of the wing structure, lack of reliable quanti-
tative data on this type of joint precluded its utilization in both the

safe 1ife and damage tolerant life analyses.

The results of this second iteration produced an interesting variation
to the "Quick Look" results. This design has increased in weight and de-
creased in cost over the previous study results. The weight increase results
largely from the additional adhesives potting and ancillary core closeout mem-
bers required when various internal conduits, control cables and other air-

craft systems are installed in the wing.

The reduced cost is achieved by reduced material cost of the wing skins
as these are to be purchased in the form of rough sawn plate thereby decreas-
ing the amount of raw stock purchased by some 40%. All titanium plate raw

stock for all subsequent wing concepts shall be purchased in this manner.
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ce Concept No, 1A - Full-Depth Honeycomb Wing - Aluminum Skins

and Substructure

This concept is the same as Concept No. 1 except that aluminum has been
substituted for titanium in all detail parts with the exception of the gear
rib and tip rib. These ribs are made from steel forgings on the baseline wing
and will be made from a titanium precision forging and titanium casting,
respectively, in this design. The pylon ribs will be hogged out from 7175-
T736 aluminum hand forged billet as in the baseline aircraft as sufficient
detail cannot be obtained from the forging process to justify the die costs
involved. The speed brake attach fittings are of similar manufacture for

the same reason. All other aluminum substructure is precision forged.

The investigation of this variation of Concept No. 1 was undertaken in
an attempt to marry the significant weight savings of the full depth honey-
comb configuration with the low cost of aluminum construction. While a 34
percent reduction in cost was realized, a 6 percent weight increase over
Concept No. 1 was incurred. This weight increase was mainly a result of
the lower specific design allowables of the aluminum skins. A small addi-
tional weight penalty was incurred through the use of longer titanium

fasteners through the necessarily thicker aluminum skins.

d. Concept No. 2 - Warren Truss Spar Wing (Figures 11 through 14)

The following is a description of a titanium wing design with the in-
terior spars arranged to form a Warren truss. The principal objectives being
sought are increased torsional rigidity, partial elimination of wing ribs and

the attainment of multiple load path spars.

The interior structure is a series of one-piece formed sheet titanium
spars with sine wave beaded webs with nesting semi-circular, cross-sectioned
caps, supported in cradle filler blocks at the wing skin attach fasteners.
It is readily apparent from the drawings that this method of attaching the
truss web junctures to the wing skin precludes loading the truss webs eccen-
trically. Shims installed between the wing skin and its mating "cradle"
block take care of vertical tolerance accumulation. The spar webs are

symmetrically beaded for stiffness,

As this design progressed a major handicap to its successful employ-

ment in this program became apparent. The baseline wing envelope with its
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FIGURE 12, CONCEPT NO, 2 WARREN TRUSS SPAR WING (Continued)
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sweep and taper, both starting at the root rib, and the wing pylon attach
bolt patterns, mitigate against the successful application of this struc-
tural arrangement. The Warren Truss substructure is a relatively inflexi-
ble structural arrangement. While it may be viable in a new design, it has
inherent geometric constraints which preclude its efficiently replacing a
prior structural arrangement where no envelope or interface revisions are
permissible. This constraint of required baseline geometry prevented the
elimination of the root rib. Some portions of the inboard pylon rib were
successfully eliminated. Lack of sufficient wing depth prohibited the con-
tinuation of this structural arrangement beyond the outboard pylon rib. The
wing tip from the outboard pylon rib outboard and the substructure aft of
the 44% spar remains the same as for the full depth honeycomb wing design

described previously.

The full main landing gear trunnion rib is retained. The chordwise
bending moments, in this area,are of such magnitude that even minor reduc-

tions in chordwise bending material cannot be tolerated.

The nesting feature of the interior spars and the joining of the for-
ward and aft interior spars did indeed give multiple load path spar caps,
but the amount the design allowable stress increase realized when damage tol-
erance is no longer a factor (i.e., the wing design is now either safe life
or static strength critical) was minimal. An in-depth discussion of this
subject is contained in Subsection III-2d. of this report with the respective
design allowables summarized in Tables VII and VIII of that section,

A comparative finite element program was also undertaken to determine
the torsional rigidity of this concept as opposed to the more conventional
multisparred designs in this study., The results of this study indicate no
apparent increase in torsional rigidity for the Warren Truss Spar configu-
ration. (See subsection III.2.d for a description of this program). Having
thus failed to achieve to any significant degree any of the design objectives
originally ascribed to it, the Warren Truss Spar concept was abandoned as a

viable design approach for this program.
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e. Concept No. 3 - Aluminum/Titanium 6-Spar Wing (Figure 15)

This concept was originally formulated to take advantage of the increased
specific fatigue strength and fracture toughness of titanium in the wing areas
where these design aspects are most critical. Additionally, this concept as
conceived was to represent the lowest cost and least risk utilization of

titanium in the concepts under study in this program.

This concept initially consisted of a titanium lower wing skin with
spanwise beaded panels bonded to its inner surface. It was thought that
this method of stiffening a titanium lower skin,though rather inflexible in
application,would be the most cost effective method of utilizing applied
stiffening to a titanium wing skin. Because of the limited applicability of
this type of stiffening its employment was limited to the lower skin of a six

spar wing.

The resulting wing is similar in planform to the baseline wing. As the
upper wing skin was not critical from a crack growth standpoint, and the wing
possesses the spar spacing necessary for adequate upper skin support a 7050-
T7651 aluminum alloy plate was used for the upper skin of this configuration.
The use of titanium in this design is confined to the area where fracture
toughness is of prime importance. It became evident during the second iter-
ation of the stress analysis that if the quantity of material used for the
beaded inner pans is added instead to the outer wing skin thickness, the com-
pressive stability of these thicker panels is greater than the beaded panels
originally considered. Therefore a plain machined Ti-6A1-4V BMA plate lower
skin replaced the beaded stiffened skin.

The interior spars are of formed Ti-6Al-4V BMA sheet and are employed
outboard to the outboard pylon rib. The interior wing spars outboard of the
outboard pylon rib are 7075-T73 formed sheet aluminum without web corrugations.
The wing is so thin at this point that corrugating the spar webs only saves
.6 pounds. This insignificant weight savings cannot justify the increase in

tooling costs necessary to produce the corrugations.

The bonded tip assembly was not considered for this design to remain
consistent with the least risk premise mentioned in the opening paragraph

of this concept description. The lower tip skin is of 7050-T7651 machine
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tapered aluminum plate spliced at the outboard pylon rib. The peripheral
spars (i.e., the 15% and 66%) are precision forged 7050-T736 aluminum in
the tip region only.

The peripheral spars inboard of the wing Sta. 123 are all Ti-6A1-4V
BMA precision forgings. The landing gear rib is precision forged Ti-6-22-22
STA.

The inboard pylon ribs are made from 7175-T736 hand forged billet as in
the baseline. The strain compatibility of aluminum with titanium is not
a pacing criteria for chordwise structure so the use of an aluminum rib
with a titanium lower skin imposes no weight penalty on that account. The
resulting rib shows a one pound weight penalty over a cast titanium rib
similar to the one used in configuration No. 1. With only a one pound
weight differential between the cast titanium rib and the machined aluminum

rib the latter proves to be the most cost effective design.

It may be argued that the wing attach rib should also be of aluminum
for the same reasons. While the cost effectiveness of such a design approach
is without question, this rib is one of the most critical of wing structural
elements and lower mould line fastener hole quality is of paramount impor-
tance. It is felt that the deleterious effect of pulling of chips from the
titanium spars through the aluminum rib flanges would tend to produce flawed
holes in the rib flanges. A precision forged Ti6-22-22 STA rib precludes
this problem and is therefore the most prudent design approach for this highly
fatigue critical area. The remainder of the stub ribs and speed brake attach
fittings being freed from the thermal expansion constraints of a bonding cycle

may be made from precision forged 7050-T736 aluminum alloy.

A 5 percent weight saving was realized with this design, but at a 37 per-
cent cost increase. This cost increase is directly attributable to the high
material cost of the titanium lower skin, the high spar piece count, the in-
creased rib complexity necessary to splice these spars, and the increased cost

to assemble this large number of titanium spars.
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f. Concept No. 3A - Welded Titanium 6-Spar Wing (Figure 16)

This design attempts to exploit to advantage the weldability of titanium
alloys in the one design concept where titanium is used extensively without
adhesive bonding. The principal advantages sought are improved fatigue and
crack growth allowables through the elimination of all fasteners through the
lower skin in the critical areas, and increasing the efficiency of the lower
wing bending material by placing it as close to the lower wing outer mold

line as possible.

This concept is basically Concept No. 3, except the substructure is T.I.G.
weld assembled and then the lower wing skin is electron beam welded to this

substructure. When the X-ray inspection, stress relieving and straightening

have been completed, the upper 7050-T7651 aluminum skin is attached to

the welded structure with blind fasteners. The lower skin is welded to the
substructure from root to tip. While there is no design allowable advantage
gained in welding the tip structure it is felt that a transition from welded
to mechanically fastened structure will most certainly cause local stress con-
centrations at the termination of the welds if a one piece lower skin is
maintained to the wing tip. The only other alternative is to splice the tip
skin at the pylon rib. Since the additional welding required for the tip
section does not represent a significant increase in weld time or difficulty,
eliminates a splice, and will not adversely affect the structural integrity
of the structure,the wing tip structure will be welded in the same manner as

the inboard portions of the wing.

Assembly of the substructure and lower wing skin by welding considerably
alters the substructure cost. This alteration manifests itself principally
in the decreased complexity of the Ti-forgings and castings that constitute
the bulk of the substructure. These details which were formerly channels or
"I" beams with both inner mold lines contained on the part are now "Tees'" or
angle cross-sectioned parts containing only the upper inner mold line of the
wing. This eliminates the major close tolerance dimension on these parts
reducing the risk factor in procuring these parts as well as lowering their
cost and reducing the amount of subsequent machining required (die lock is

eliminated). However, there may no longer be any aluminum substructure
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details as all these interior members are welded to the lower skin. The cost
increases incurred in converting aluminum parts to titanium counteract the
dollars saved through simplification of the relatively uncomplicated spar
details and the total spar cost shows a slight rise. The converse is true when
the highly complex ribs are examined. Here the simplification of the details

is of a higher order and the net result is a reduction in rib detail costs.

The increased assembly costs incurred in the welding process further
negate these savings resulting in a slight cost increase over Concept No. 3.
The increased efficiency of the wing's lower bending material is evident

as the weight of this concept is 12 pounds less than that of Concept No. 3.

g8e Concept No. 4 - Honeycomb Panel Stiffened 5-Spar Wing (Figure 17)

This skin design is one of several approaches to the wing skin stiffen-
ing vs. interior spars trade-off studies being conducted in this program
wherein the cost and/or weight of applied wing skin stiffening is traded
off against the savings available from reduced substructure piece count and

complexity made possible by the increased wing skin stiffness.

The wing skins of this design are constructed of taper machined and
pocketed titanium outer wing skins adﬁesively bonded to thin sheet titanium
inner pans filled with aluminum honeycomb core. All the skin bays will have
honeycomb panel stiffening.

The inner pans will be formed in one piece from 15% spar to 44% spar
in the chordwise direction. To reduce the pan size they will be butt

spliced at each rib station using the existing rib flanges for splice
material.

The substructure differs from Concept No. 3 in that one whole span-
wise 'spar location is deleted. The remaining interior spars are then re-
located being equally spaced front to rear between the 15% and 44% spars.
This spar reduction reduces wing rib complexity by eliminating one set of
spar web attach flanges. 1It also slightly reduces the assembly cost as
fastener count is reduced. There is one side effect to this approach,
however, which should be noted. The stub ribs, speed brake attach fittings

now increase somewhat in length adding to their cost.
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The alloys from which the wing components are made are unchanged
from their counterparts in Concept No. 3. The one obvious exception
is the upper wing skin., In an attempt to keep the upper bending
material as close to the wing outer mold line as possible, thereby maxi-
mizing its efficiency, the thicker aluminum skin has been discarded in
favor of the titanium wing skin shown. The tip assembly being only 1.1
inches high at wing station 151.1, the inner pans of the honeycomb stiff—
ening panels intrude upon the available interior space so as to prevent the
electrical and fuel line routing to the tip store. It is then of necessity
that the tip assembly from the wing station 123 pylon rib outboard be
the full depth bonded honeycomb assembly described in Concept No. 1.

This again requires the outboard pylon rib to be a Ti-6A1-4V annealed
casting to remain thermally compatible with the tip assembly.

It is readily deduced from the weight and cost summary tables that
though the weight decrease from that of Concept 3 is significant, the wing

skin cost increases are of such magnitude that this weight saving 1is not

cost effective,

he Concept No. 5 - Honeycomb Panel Stiffened 4-Spar Wing (Figure 18)

The general trend of reduced weight with reduced substructure evident
in Concept No. 4 was pursued further to ascertain whether this downward weight
trend would continue and if further reductions in substructure count and wing

skin assembly complexity could reduce the total wing cost to produce as cost/

weight effective a design as Concept No. 1 or No. 3.

A three spar design was first considered. As spars are eliminated the
stub rib lengths and panel widths increase in a harmonic progression. From
a six-to five-spar wing this amounts to a 25% length increase. From a five-
spar wing to a four-spar wing the increase is 33% and from a four-spar wing
to a three-spar wing the length increase is 50%. 1In a three-spar wing this
increases the combined length of the stub ribs to where they have a total

length equal to a spar running from landing gear rib to landing gear rib.

The effect of the increased spar spacing is most seriously felt in that
portion of the 15% spar immediately outboard of the wing attach rib where the
increased length of the integral rib represents too deep a draw to forge in a

direction parallel to the wing reference plane. This spar's forging direction
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must now be normal to the wing reference plane and the resulting part is
little more than a conventional forging requiring much more machining to pro-

duce a finished part.

In order to supply adequate edge support for the now wider panels, the
remaining interior spars must exceed 0,125 inch thick, the upper limit for
forming these spars in titanium sheet. Additionally, the 44% spar segment
in the wing carrythrough structure would also exceed this limit and become a

precision forging.

The substitution of titanium precision forged spars definitely reverses
the downward trend of spar costs. The increased rib length likewise reverses
a similar trend in rib cost plus halting the downward course of the assembly
costs. The only area where this cost reversal does not occur is in the wing
skin cost. The reduced number of panels on these skins in a three-spar design
does reduce the complexity and thus their expense. This reduction cannot,
however, offset the increased spar and rib costs. For these reasons a three-

spar wing study was not continued into the layout stage.

When a four-spar wing is contemplated, however, the interior spars are
still within the forming limits of titanium sheet. The quantity of spar-skin
attachments is reduced as the loss of one complete spar vis-a-vis a 33% length
increase in rib-skin attachments results in a net loss. Wing skin complexity
and cost is also reduced. The deletion of the spar attach web in the ribs
reduces their complexity and required machining to such an extent that a rib

cost reduction is still realized, rib length increases notwithstanding.

The four-spar wing shown in Figure 18 is identical to the Concept No. 4
wing except the spar count is reduced and the honeycomb core height is some-
what thicker in the regions inboard of the landing gear rib. This concept
representing as it does, the practical minimum of spared substructure still
does not approach the efficiency of the full-depth honeycomb design previously
described.
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i. Concept No. 6/7 - Ti-Borsic/Geodesic 4-Spar Wing (Figures 19 through 21)

(1) Ti-Borsic Upper Skin (Figures 20 and 21)

This concept study was undertaken in an attempt to utilize the higher
specific stiffness of composite materials within the basic design
limitation of a metallic wing structure. Little was known of the mechanical
properties of Ti-Borsic composite material when this investigation was
initiated. Even less was known about the fatigue and crack growth
behavior of this material. For a fuller discussion of the method used to

arrive at a working set of material allowables, see subsection III.2.e.

The basic raw material (i.e., Ti-Borsic) consists of a flat tape,
up to 12 inches wide, composed of a unidirectional layer of silicon
carbide coated boron fibers pressure diffusion bonded between two sheets
of Ti-6A1-4V foil forming a sandwich some 6 mils thick. This "mono-tape"
is subsequently laid up to the desired thiékness with the appropriate fiber

orientation and diffusion bonded into a single panel.

Since improved stiffness was a proven attribute of this composite
material and no fatigue and crack growth data was or became available,
this material's use was confined to the upper <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>